In both type 1 and type 2 diabetes, pancreatic islet dysfunction results in part from cytokinemediated inflammation. The ubiquitous eukaryotic translation initiation factor 5A (eIF5A), which is the only protein to contain the amino acid hypusine, contributes to the production of proinflammatory cytokines. We therefore investigated whether eIF5A participates in the inflammatory cascade leading to islet dysfunction during the development of diabetes. As described herein, we found that eIF5A regulates iNOS levels and that eIF5A depletion as well as the inhibition of hypusination protects against glucose intolerance in inflammatory mouse models of diabetes. We observed that following knockdown of eIF5A expression, mice were resistant to b cell loss and the development of hyperglycemia in the low-dose streptozotocin model of diabetes. The depletion of eIF5A led to impaired translation of iNOS-encoding mRNA within the islet. A role for the hypusine residue of eIF5A in islet inflammatory responses was suggested by the observation that inhibition of hypusine synthesis reduced translation of iNOS-encoding mRNA in rodent b cells and human islets and protected mice against the development of glucose intolerance the low-dose streptozotocin model of diabetes. Further analysis revealed that hypusine is required in part for nuclear export of iNOS-encoding mRNA, a process that involved the export protein exportin1. These observations identify the hypusine modification of eIF5A as a potential therapeutic target for […] In both type 1 and type 2 diabetes, pancreatic islet dysfunction results in part from cytokine-mediated inflammation. The ubiquitous eukaryotic translation initiation factor 5A (eIF5A), which is the only protein to contain the amino acid hypusine, contributes to the production of proinflammatory cytokines. We therefore investigated whether eIF5A participates in the inflammatory cascade leading to islet dysfunction during the development of diabetes. As described herein, we found that eIF5A regulates iNOS levels and that eIF5A depletion as well as the inhibition of hypusination protects against glucose intolerance in inflammatory mouse models of diabetes. We observed that following knockdown of eIF5A expression, mice were resistant to β cell loss and the development of hyperglycemia in the low-dose streptozotocin model of diabetes. The depletion of eIF5A led to impaired translation of iNOS-encoding mRNA within the islet. A role for the hypusine residue of eIF5A in islet inflammatory responses was suggested by the observation that inhibition of hypusine synthesis reduced translation of iNOS-encoding mRNA in rodent β cells and human islets and protected mice against the development of glucose intolerance the low-dose streptozotocin model of diabetes. Further analysis revealed that hypusine is required in part for nuclear export of iNOS-encoding mRNA, a process that involved the export protein exportin1. These observations identify the hypusine modification of eIF5A as a potential therapeutic target for preserving islet function under inflammatory conditions.
Introduction
Diabetes is a disorder of glucose homeostasis that afflicts over 200 million people worldwide. Dysfunction or destruction of islet β cells appears to underlie all forms of diabetes. Whereas type 1 diabetes results from the autoimmune destruction of islet β cells, type 2 diabetes is thought to develop as β cell insulin release is unable to compensate for an increasing insulin demand (1) . Emerging data suggest that in both forms of diabetes the release of proinflammatory cytokines is central to triggering pathways that initiate β cell dysfunction and eventual death. In the case of type 1 diabetes, a complex interplay between β cells and cells of the immune system leads to the recruitment of activated CD4 + T cells and macrophages into the vicinity of the islet, resulting in local release of proinflammatory cytokines (IL-1β, TNF-α, IFN-γ) (2) . In the case of type 2 diabetes, systemic insulin resistance leads to increased circulating proinflammatory cytokines (3) , and exogenous administration of IL-1 receptor antagonist (IL-1Ra) has been demonstrated to reduce glycemia and improve β cell function in mice with diet-induced hyperglycemia (4) and in human subjects with type 2 diabetes (5) .
Proinflammatory cytokines acutely trigger NF-κB-mediated transcription of the Nos2 gene encoding iNOS (6) . Production of nitric oxide by iNOS contributes to the early pathogenesis of β cell dysfunction in response to cytokines, as nitric oxide inhibits proteins involved in aerobic glycolysis and the electron transport chain, thereby diminishing cellular ATP production (7) . This impairment in ATP production limits the coupling of glycolysis to insulin release in the β cell (8) . In the longer term, both the iNOS-dependent and -independent effects of cytokine signaling lead to eventual islet death (9) (10) (11) (12) . Thus, to preserve islet function in the setting of inflammation, it is imperative to identify and counter the mechanisms that mediate islet responsiveness to proinflammatory cytokines.
Eukaryotic translation initiation factor 5A (eIF5A) is a small (17-kDa) protein that is highly conserved throughout evolution (13) . eIF5A is the only protein known to contain the unique polyamine-derived amino acid hypusine (N ε -[4-amino-2-hydroxybutyl]-lysine) (14) . Hypusine is formed posttranslationally, during a reaction involving residue Lys50 of eIF5A and the sequential action of enzymes deoxyhypusine synthase (DHS) and deoxyhypusine hydroxylase (DOHH), and is necessary for many eIF5A functions (for review see ref. 15 ).
In mammalian cells, eIF5A appears to be a mediator of cellular proliferation (16, 17) and apoptosis (18) (19) (20) , but its mechanisms have remained vague. The administration of siRNA against eIF5A to mice significantly reduced lethality and production of IL-1, TNF-α, and chemokines in the lungs after endotoxin (LPS) administration (21) . Taken together, these studies suggest that eIF5A participates in, and can be essential to, inflammatory responses.
The role of eIF5A in the pathogenesis of islet dysfunction in diabetes has not been directly examined. In the NOD mouse model of type 1 diabetes, approximately 30 distinct chromosomal loci have been identified that appear to contribute to the susceptibility to diabetes (known as insulin-dependent diabetes susceptibility [Idd] loci) (22) .
Interestingly, one of these loci, on the distal arm of chromosome 11 (Idd4), harbors genes that are seminal to the autoimmune inflammatory response (e.g., Il12b, Trpv1, Nos2, Alox15) (23) and includes the gene encoding eIF5A. In the context of autoimmunity and inflammation, the studies of Hauber and colleagues (24) demonstrated that the hypusinated form of eIF5A (eIF5A Hyp ) is essential for the expression of CD83, a cell surface marker that correlates with the maturation of antigen-presenting cells. Thus, eIF5A Hyp appears to be important in the early pathogenesis of the immune response in autoimmune diseases such as type 1 diabetes. However, because pancreatic islets contain eIF5A, we considered the possibility that eIF5A participates in the islet response to autoimmunity and inflammation. In the present study, we demonstrate that eIF5A Hyp enables cytokine-mediated islet dysfunction through the direct posttranscriptional regulation of the mRNA encoding iNOS (Nos2) in both rodent and human cells. Further, we show that depletion of eIF5A or inhibition of hypusination can protect against the development of glucose intolerance in inflammatory mouse models of diabetes. We believe these findings point to a novel pathway in which cytokines are linked to iNOS production via the posttranscriptional regulation of Nos2 by eIF5A Hyp . These studies therefore identify eIF5A Hyp as a target to mitigate the inflammatory response in pancreatic islets.
Results
Depletion of eIF5A protects mice against multiple low doses of streptozotocin induced hyperglycemia and islet loss. Mammalian eIF5A exists as 2 isoforms, eIF5A1 and eIF5A2, which exhibit differing tissue distributions (25, 26) . As shown in Supplemental Figure 1 (supplemental material available online with this article; doi:10.1172/ JCI38924DS1), islets and islet-derived cell lines contain only the eIF5A1 isoform, which will henceforth be referred to simply as "eIF5A." To test the role of eIF5A in cytokine-mediated islet dysfunction, we first sought to identify a mouse model of islet inflammation. The multiple low-dose streptozotocin (STZ) model (in which mice are subjected to 5 daily intraperitoneal STZ doses at 55 mg/kg body weight) is considered to provoke local islet inflammation and cytokine release, in part through the recruitment of CD11c + dendritic cells (27, 28) . To demonstrate the dependence of this model on cytokine release from immune cells, we subjected both C57BL/6J mice (with an intact immune system) and NOD/SCID/Il2rg-null mice (without innate or adaptive immune systems) to multiple low doses of STZ, as shown in the schematic in Figure 1A . As shown in Figure 1 , B and C, both immune-competent ( Figure 1B ) and -incompetent (Figure 1C) mice exhibit impaired intraperitoneal glucose tolerance tests (IPGTTs) after STZ injections; however, concurrent treatment of mice with IL-1Ra attenuated glucose intolerance only in immune-competent mice. These data suggest that multiple low-dose STZ exhibits at least 2 components contributing to islet dysfunction: one component that is dependent upon cytokine release from immune cells (as observed in C57BL/6J mice) and a second component that involves the known direct toxic, DNAalkylating effect of STZ (29) (as observed in both C57BL/6J mice and NOD/SCID/Il2rg-null mice).
To determine a role for eIF5A during the pathogenesis of islet inflammation in diabetes, we sought to deplete mice of eIF5A using the in vivo RNA interference approach of Moore et al. (21) . We injected C57BL/6J mice intraperitoneally with either stabilized siRNA against eIF5A (si-eIF5A) or control siRNA (si-Control) daily for 3 days and then subjected the mice to the multiple low-dose STZ protocol (see schematic in Figure 1A ). As shown in Figure 1D , although the mice treated with STZ exhibited higher fasting blood glucose levels following STZ injection compared with untreated mice, the average fasting blood glucose levels of mice injected with si-eIF5A (101 mg/dl) were significantly lower than that of mice
Figure 2
Knockdown of eIF5A in mice preserves islet mass and attenuates iNOS induction following STZ treatment. C57BL/6J male mice were injected with vehicle (untreated) or STZ plus siRNAs, per the protocol in Figure 1A . (A) Pancreata from treated mice were sectioned and stained for insulin (red) and counterstained with hematoxylin (blue). Sections from representative pancreata are shown at low (original magnification, ×100; upper panels) and high (original magnification, ×400; bottom panels) magnification. (B) β cell mass in treated mice (n = 3 mice per group). *P < 0.05. (C) At the end of the study, pancreata from treated mice were paraffin-embedded and stained for iNOS (red) and counterstained with hematoxylin (blue). Original magnification, ×630. (D) Immunoblots of islet extracts from treated mice following a single dose of STZ. Data are from pooled islets (n = 3 mice per group).
injected with si-Control (159 mg/dl). Consistent with these fasting blood glucose data, IPGTTs showed that si-eIF5A-treated mice exhibited improved glucose tolerance compared with si-Controlinjected mice ( Figure 1E ).
To determine whether the administration of si-eIF5A affected islet viability following STZ treatment, we next performed immunohistochemical analysis of the pancreata of mice. As shown in Figure 2A , si-Control-injected mice showed an apparent reduction in islet number and weaker insulin staining (i.e., degranulation) relative to mice not given STZ. In contrast, si-eIF5A-injected mice exhibited relatively preserved islet number and insulin granularity. To quantify the differences in islet mass between STZ-treated and untreated animals, we performed morphometry of insulin-stained pancreatic sections. As shown in Figure 2B , si-Control-injected mice exhibited a 2.8-fold reduction of β cell mass compared with non-STZ-treated controls, whereas si-eIF5A-injected animals demonstrated only a statistically insignificant 1.4-fold reduction. These data suggest that eIF5A is required for the early events that lead to eventual islet dysfunction following STZ treatment.
eIF5A mediates cytokine toxicity and iNOS production in islets. As noted earlier, low-dose STZ-induced islet dysfunction involves at least 2 mechanisms: an inflammatory mechanism that is dependent upon cytokine release from immune cells and a direct toxic mechanism on the islet itself. To distinguish whether eIF5A depletion affected one or both of these mechanisms, we performed injections of si-eIF5A in NOD/SCID/Il2rg-null mice, which lack fully functional immune cells and therefore react to STZ via direct islet toxicity. Similar to IL-1Ra injections, si-eIF5A injections did not protect against glucose intolerance in NOD/SCID/Il2rg-null mice (data not shown), suggesting that eIF5A is involved in only the cytokine-mediated component of STZ-induced islet dysfunction. Because cytokines rapidly induce production of iNOS (30) , we expected that si-eIF5A injections should block or attenuate production of iNOS in response to STZ injections in immune-competent mice. As shown in Figure  2C , immunohistochemical staining for iNOS persisted in islets of si-Control-injected animals at the end of the study but was undetectable in si-eIF5A-injected animals. We next isolated and pooled islets from 3 C57BL/6J mice per group, 24 hours after the initial STZ dose, and assessed iNOS content by immunoblot. As shown in Figure 2D , iNOS was rapidly induced in islets within 24 hours of the first STZ treatment in si-Control mice, but this induction was attenuated in si-eIF5A mice. These data support the hypothesis that cytokine-induced iNOS production may underlie the early events of STZ-induced islet dysfunction and loss and that si-eIF5A treatment mitigates iNOS production.
Figure 3
Knockdown of eIF5A causes relative preservation of islet function following cytokine exposure in vitro. Male C57BL/6J mice were injected with vehicle (untreated) or siRNAs as indicated for 3 consecutive days and then euthanized for islet procurement. Depletion of eIF5A protects islets from cytokine-induced dysfunction in vitro. Our studies to this point suggest a role for eIF5A in mediating systemic cytokine responses but do not directly implicate its action in pancreatic islets. We therefore isolated islets from siRNAinjected mice and assessed their function in vitro. As shown in Figure 3, A and B, intraperitoneal injection of si-eIF5A for 3 days led to approximately 50% reduction of eIF5A in islets, as determined by immunoblot. Importantly, 3 H-spermidine incubations revealed a similar reduction in eIF5A Hyp in islets of si-eIF5A mice ( Figure 3A ). This depletion corresponded to a significant improvement in islet response to glucose stimulation, as determined by glucose-stimulated insulin secretion (GSIS) studies ( Figure 3C ). To further characterize this improvement in islet glucose responsiveness, we also performed glucose-stimulated Ca 2+ mobilization (GSCa) studies. GSCa is a measure of islet glucose sensitivity that captures the dynamics of the islet glucose response, which is similar to GSIS (31). The GSCa, as measured by the change in Fura-2 AM fluorescence ratio after glucose stimulation, was increased in si-eIF5A-treated islets compared with controls, reflecting the functional improvement seen in GSIS ( Figure 3D ). This improved GSCa, relative to controls, persisted for 48 and 72 hours after isolation (data not shown).
The improvement in islet function following the knockdown of eIF5A suggests that eIF5A may contribute to the stress of collagenase exposure during islet isolation. To directly assess whether eIF5A contributes to stress responses in the islet, we next exposed islets to a cocktail of proinflammatory cytokines (IL-1β, TNF-α, IFN-γ), inducing a condition thought to mimic islet inflammation, as seen in multiple low-dose STZ and the major forms of diabetes (32) .
We used a short cytokine exposure (4 hours) to assess early impairment in islet function independent of islet cell death. As shown in Figure 3 , E and F, islets from all 3 groups (vehicle, si-Control, and si-eIF5A) exhibited some impairment in GSIS and GSCa compared with their non-cytokine-exposed counterparts, while islets from mice treated with si-eIF5A showed significant preservation of GSIS and GSCa compared with controls. The immunoblot in Figure 3E shows that eIF5A levels remained persistently lower in the si-eIF5A group even after cytokine exposure. Importantly, islet viability did not differ significantly among groups in these studies, as determined by ethidium homodimer-1/calcein-AM uptake studies, and no activation of caspase 3 was observed during this short time course (data not shown). These data suggest that eIF5A contributes to acute islet dysfunction in response to proinflammatory cytokines, even prior to overt cell death.
Endogenous eIF5A promotes translation of the mRNA encoding iNOS in primary islets. To understand better the protective effect of eIF5A knockdown in primary islets, we next evaluated the transcriptional response using quantitative RT-PCR of genes known to mediate glucose responsiveness and β cell growth ( Figure 4 , A and B). Although there was relative preservation of Ins1/Ins2 pre-mRNA levels in si-eIF5A islets exposed to cytokines (consistent with the relative preservation of GSIS in these islets), otherwise there were no significant differences in the transcription of any of the studied genes involved in glucose response (Slc2a2, Gck), insulin signaling (Irs1), or β cell growth/differentiation (Pdx1, Nkx6-1, NeuroD1, Pax6). Instead, 2-to 10-fold reductions in the steady-state levels of all of these genes occurred in response to cytokines in all groups.
Figure 4
Cytokine signaling to Nos2 translation is impaired in islets depleted of eIF5A. Male C57BL/6J mice were injected with vehicle (untreated) or siRNAs for 3 consecutive days and then euthanized for islet procurement. (A) Islets from injected mice were subjected to quantitative RT-PCR for the genes indicated. Data for each gene were normalized to Actb mRNA levels and then reported as expression relative to vehicle (untreated). (B) Islets from injected mice were exposed to cytokines for 4 hours and then subjected to quantitative RT-PCR for the genes indicated. Data for each gene were normalized to Actb mRNA levels and then reported as expression relative to non-cytokine-treated, vehicle injection. *P < 0.05. (C) Islets from injected mice were untreated or treated with cytokines for 4 hours and then subjected to quantitative RT-PCR for Nos2 mRNA. Data were normalized to Actb mRNA levels and then reported as expression relative to non-cytokine-treated, vehicle injection. (D) Representative iNOS and actin immunoblots of islet extracts from injected mice treated with cytokines for 4 hours. (A-C) Data are from 3 independent islet isolations.
Because nitric oxide is a known effector of islet dysfunction following cytokine stress (33), we also examined transcription of the gene encoding iNOS (Nos2). As shown in Figure 4C and unlike that of the other genes examined above, we observed a striking 40-fold activation of Nos2 mRNA in all treatment groups in response to the cytokines. Notably, however, whereas iNOS protein was coordinately induced in islets of mice injected with vehicle or si-Control, induction of iNOS protein was attenuated in islets from si-eIF5A-injected mice ( Figure 4D ). These data provide evidence that eIF5A may be an important regulator of Nos2 mRNA translation in primary islets.
Hypusination of eIF5A is essential for Nos2 mRNA translation. eIF5A1 and eIF5A2 are the only proteins known to contain the unique amino acid hypusine at position 50. Hypusine is formed as a posttranslational modification of residue Lys50 in a reaction requiring spermidine and catalyzed by the sequential actions of the enzymes DHS and DOHH (34) . DHS is the rate limiting enzyme of this biosynthetic pathway, and small molecule inhibitors of this enzyme have been used to specifically inhibit the activity of eIF5A (24, 35) .
To clarify further the mechanism of eIF5A-regulated translation of Nos2, we performed studies following overnight incubation of cells with GC7 (an inhibitor of DHS). As shown in Figure 5A , 125 μM GC7 effectively inhibited new hypusine formation (as determined by 3 H-spermidine incorporation) in mouse islets and in the rat cytokine-responsive β cell-derived line INS-1 (832/13) (10). Interestingly, GC7 incubation also depleted the steady-state level of an eIF5A species, as observed by immunoblot ( Figure 5B , arrowhead); this latter species may represent a form of eIF5A Hyp akin to that seen in 2D gels and isoelectric focusing (36, 37) . Similar to data in primary islets, the immunoblot in Figure 5C (lanes 1 and 2) demonstrates that a 4-hour incubation of INS-1 cells with cytokines resulted in the induction of iNOS. However, incubation with cytokines following increasing concentrations of GC7 resulted in a dose-dependent attenuation of iNOS levels ( Figure 5C ) as well as nitrite release into the medium ( Figure 5D ), with the greatest inhibition observed at 125 μM GC7. As with our siRNA studies in islets, the block in iNOS production by GC7 appeared to be at the level of mRNA translation, as Nos2 transcript levels remained disproportionately elevated, even in the presence of 125 μM GC7 ( Figure 5E ). Similar data using GC7 were obtained in primary mouse islets (data not shown) and in human islets ( Figure 5 , F and G). To verify that the effect of GC7 was due to inhibition of eIF5A action, we performed siRNA knockdown of eIF5A in INS-1 cells ( Figure 5H ) and found that cytokinemediated iNOS induction was indeed attenuated.
Inhibition of hypusination protects against cytokine-induced β cell dysfunction in vitro. To assess INS-1 cell function in the presence of cytokines and GC7, we next performed GSCa and GSIS studies. As shown in Figure 6A (left panel) and unlike that in intact islets, INS-1 cells exhibited an asynchronous GSCa pattern that has been described previously (38) ; nevertheless, GSCa was closely correlated with GSIS ( Figure 6A , right panel). This asynchronous pattern may be referable to the dispersed nature of insulinoma cells compared with β cells in an intact islet. A shown in Figure 6B , GSCa and GSIS were virtually abolished upon incubation with cytokines. Preincubation with 125 μM GC7, however, reversed the suppressive effect of cytokines on GSCa and GSIS almost completely (Figure 6C ). Taken together, these results suggest that hypusination of eIF5A is crucial to promoting Nos2 translation and β cell dysfunction in response to acute exposure to the cytokines.
Short-term GC7 incubations do not affect cellular viability or cell cycle progression. Notably, in the studies described above, concentrations of GC7 in excess of 30 μM were required to substantially block iNOS, raising some concern about the specificity of the drug and possible effects of the drug on cell viability at these concentrations. Because GC7 is known to be inactivated by the action of amine oxidases, which are abundant in serum, typical studies with GC7 in the literature have used aminoguanidine to inhibit amine oxidases (16) . When coincubated with 1 mM aminoguanidine, inhibition of new hypusine synthesis was observed at much lower concentrations (along with reductions in the steady-state level of the eIF5A species observed by immunoblot) (Supplemental Figure 2A ). Under conditions of aminoguanidine coincubation, inhibition of iNOS could be observed with GC7 concentrations in the 3 μM range (Supplemental Figure 2B ). Because aminoguanidine is also an effective inhibitor of iNOS catalytic activity (ref. 39 , Supplemental Figure 2C ) and can therefore confound interpretation of our data, we elected, in subsequent studies, to forgo use of aminoguanidine and instead use higher concentrations of GC7 (125 μM). At these concentrations, GC7 does not appear to inhibit iNOS activity (Supplemental Figure 2C) . To rule out possible adverse effects of GC7 on cell viability, we also performed quantitative 2-color fluorescence analysis of live (calcein-AM-positive) and dead (ethidium homodimer-1-positive) cells using fluorescence cytometry and found that the percentage of dead INS-1 cells (approximately 4%-5%) was unaffected by increasing GC7 concentrations of between 0 to 125 μM after overnight exposure (Supplemental Figure 2D) ; notably, however, 3-day exposure to 125 μM GC7 or serum starvation led to a dramatic increase in percentage of dead cells (70% and 30%, respectively) (Supplemental Figure 2D ). Cell cycle analysis revealed that overnight GC7 treatment (at any concentration) had no significant effect on cell cycle progression (G1-S) in INS-1 cells (Supplemental Figure 2E ) or on global translational initiation (as observed by eIF2α phosphorylation; data not shown). Importantly, a cell cycle block was clearly apparent following 3 days of serum depletion or 3 days of GC7 exposure ( Supplemental Figure 2E ). Long-term, high concentration GC7 treatment has recently been shown to result in impairments in cell cycle progression that are referable to both eIF5A Hyp depletion and interference with polyamine metabolism (37) . Taken together, our data verify that our short-term overnight incubations with GC7 do not significantly affect INS-1 cell viability or cell cycle progression.
eIF5A Hyp exhibits a relatively short half-life in islet β cells. The abundance of data in the literature suggests that eIF5A and eIF5A Hyp exhibit prolonged half-lives (>24 hours) in some mammalian cells (40, 41) . This prolonged half-life appears seemingly at odds with our relatively rapid inhibition of eIF5A action by overnight GC7 pretreatment and prompted us to assess the half-life of eIF5A Hyp in β cells and islets. As shown in Supplemental Figure 3 mer-1/calcein-AM uptake (data not shown). These studies suggest a potentially unique regulation of eIF5A Hyp stability in islet β cells and offer one explanation for the relatively rapid inhibition of eIF5A activity in our GC7 inhibition studies.
eIF5A Hyp is required for nuclear export of Nos2 mRNA. Translational control of mRNA may occur at several levels, including (but not limited to) nuclear export and mRNA cycling between polysomes and P bodies/stress granules (reviewed in ref. 42) . Although some controversy exists in the field regarding eIF5A shuttling (e.g., refs. 43 and 44), eIF5A has been shown to interact with the nuclear export proteins exportin1/chromosome region maintenance 1 (exportin1/CRM1) and exportin4 in mammalian cells (45, 46) , and we show here its interaction with exportin1/CRM1 in islet β cells ( Figure 7A ). We therefore performed cellular fractionation studies of cytokine-treated INS-1 cells to determine whether eIF5A is necessary for nuclear export of Nos2 mRNA. As shown in Figure  7B , Nos2, Actb, Nfkb1, and Gapdh mRNAs exhibited a preferentially cytoplasmic distribution in cytokine-treated INS-1 cells. In contrast, preincubation with the exportin1/CRM1 inhibitor leptomycin B caused a relative retention of Nos2, Actb, and Nfkb1 (but not Gapdh) in the nuclear fraction, suggesting that exportin1/CRM1 serves as a nuclear export protein for these species. Most interestingly, pretreatment of INS-1 cells with GC7 caused relative nuclear retention of Nos2 mRNA but not of Actb, Nfkb1, and Gapdh mRNAs ( Figure 7B) , which supports the argument that eIF5A Hyp is required for efficient shuttling of Nos2 mRNA.
Hypusination and exportin1/CRM1 are required for eIF5A nucleocytoplasmic shuttling. Given the striking retention of Nos2 transcripts in the absence of eIF5A Hyp , we next asked whether the intracellular distribution of eIF5A accounts for its effect on Nos2 nucleocytoplasmic shuttling. We therefore performed immunofluorescence of eIF5A in fixed INS-1 cells. As shown in Figure 8A , eIF5A appears to occupy both cytoplasmic and nuclear distributions in quiescent INS-1 cells (but with a slight nuclear predominance). When cells were treated with cytokines, there was a shift in the eIF5A distribution pattern from the nucleus to the cytoplasm. Interestingly, when cells were pretreated with either GC7 or leptomycin B, treatment with the cytokines failed to induce the nuclear-to-cytoplasmic translocation of eIF5A. These data suggest that the nuclear-to-cytoplasmic translocation of eIF5A in response to cytokine stimulation is dependent upon both hypusination and the activity of exportin1/CRM1. To demonstrate that hypusination of Lys50 is required in the nuclear-tocytoplasmic translocation of eIF5A, we next transfected INS-1 cells with vectors encoding GFP fusions with either wild-type eIF5A or a mutant eIF5A, in which Lys50 is exchanged for Ala (K50A mutant). As shown in Figure 8B , whereas the wild-type fusion protein exhibited nuclear-to-cytoplasmic shuttling upon exposure to cytokines, the localization of the K50A mutant remained unchanged in response to the cytokines. Interestingly, the K50A mutant is still observed to interact with exportin1/CRM1 in coimmunoprecipitation assays ( Figure 7A ), suggesting the physical association of eIF5A Hyp by itself is not sufficient for nuclear-cytoplasmic shuttling. Taken together, these findings support studies that demonstrate that hypusination causes a shift in eIF5A localization from the nucleus to the cytoplasm in mammalian cells (47, 48) .
eIF5A Hyp binds specifically to Nos2 mRNA. The retention of both Nos2 transcripts and eIF5A in the nucleus upon inhibition of hypusination suggested a close relationship between the 2 molecules, such that eIF5A may serve to chaperone Nos2 transcripts from the nucleus to the cytoplasm in response to cytokine stimulation. eIF5A Hyp binds to RNAs that contain the consensus sequence 5ʹ-AAAUGU-3ʹ (49) , which is present in the Nos2 mRNA. To determine whether eIF5A Hyp binds Nos2 mRNA, we performed RNA immunoprecipitation (RIP) assays using INS-1 cell total RNA. As shown in Figure 9A , cytokine treatment caused induction of a variety of NF-κB target genes, including Nos2, Nfkb1, Tnfa, Il12a, and Il1b, but not the induction of non-NF-κB targets, including Il18, Il13, and Casp3. Subsequent immunoprecipitation of cytokinetreated INS-1 cells with eIF5A antibody resulted in the coprecipitation of Nos2 transcripts and 10-fold lower, but statistically significant, coprecipitation of Nfkb1 transcripts ( Figure 9B ). In contrast, no coprecipitation of other NF-κB target and nontarget genes were observed. These data document the specificity of mRNA binding by eIF5A Hyp . However, when hypusination is blocked by GC7 no coprecipitation of any mRNA species is observed, suggesting strongly that hypusination of eIF5A is necessary for RNA binding.
GC7 treatment protects mice against STZ-induced hyperglycemia and islet loss. Based on our data thus far, we have reasoned that if hypusination of eIF5A by DHS is required for cytokine responsiveness in islets, then inhibition of DHS in vivo should protect
Figure 7
Nos2 mRNA nucleocytoplasmic shuttling in INS-1 β cells is dependent upon exportin1/CRM1 and hypusinated eIF5A. (A) INS-1 β cells were transfected with GFP-eIF5A or GFP-eIF5A (K50A) mutant, and cellular extracts were immunoprecipitated with the indicated antibodies and then immunoblotted for GFP, exportin1/CRM1, and eIF5A. (B) INS-1 cells were treated for 3 hours with leptomycin B (Lep B), overnight with GC7, or untreated (NT) and then exposed to 4-hour cytokine treatment, followed by fractionation of cytoplasmic and nuclear fractions. RNA from these fractions was subjected to quantitative RT-PCR for Nos2, Actb, Nfkb1, and Gapdh mRNAs. Data are expressed as the ratio of mRNA in the cytoplasmic fraction to mRNA in the nuclear fraction (n = 3). *P < 0.05.
against low-dose STZ diabetes. To test this possibility, C57BL/6J mice were treated with GC7 or vehicle and then subjected to lowdose STZ injections. GC7 was delivered in 1 of 2 different ways: either by daily bolus intraperitoneal injections (4 mg/kg/d) or by continuous subcutaneous delivery (40 μg/kg/h) using implanted osmotic pumps. A protocol similar to that shown in Figure 1A was employed in these studies, with GC7 injections or pump implants starting 3 days prior to STZ injections. GC7 treatment, by either intraperitoneal injection ( Figure 10A ) or osmotic pump (Figure 10B) , led to near-complete protection of animals from STZinduced glucose intolerance. Insulin levels obtained at 0 and 30 minutes during the glucose challenge of pump-implanted animals revealed a defect in insulin secretion in vehicle-treated STZ animals, whereas GC7-treated STZ animals exhibited a normal insulin secretory response ( Figure 10C ) suggestive of β cell preservation. Histomorphometric analysis of pancreata revealed a trend toward reduced β cell mass in control STZ animals (P = 0.083), with full preservation of mass in GC7-injected animals ( Figure 10D ). As with si-eIF5A treatment, islets of GC7-treated pump animals showed suppression of iNOS production ( Figure 10E) . Consistent with the known β cell toxic effects of STZ, analysis of pancreatic sections from these animals revealed an increase in β cell TUNEL positivity with STZ treatment, with GC7-treated animals showing fewer TUNEL + cells per islet (0.42 cells) compared with STZ treatment alone (0.78 cells) (see Supplemental Figure 4 ). These data therefore suggest that eIF5A Hyp plays an essential role in the early events that lead to islet dysfunction and death in response to inflammation.
eIF5A Hyp promotes islet inflammation independently of the immune system. Because systemic GC7 delivery is expected to inhibit hypusination in all cells that express DHS, it is unclear whether the islet protection afforded by GC7 in vivo is a result of its effects in the islet, the immune cells, or both. As an initial experiment to address this possibility, we assessed the IL-1 responses in STZ-treated C57BL/6J animals by measuring levels of the IL-1-responsive cytokine IL-6. As shown in Figure 10F , whereas concurrent treatment with STZ and IL-1Ra caused a dramatic drop in serum IL-6 levels (consistent with IL-1 inhibition), concurrent treatment with STZ and GC7 did not affect IL-6 levels. No alterations in serum levels of IL-13 and Rantes/CCL5 were observed between treatment groups ( Figure 10F ). This result suggested that the protection by DHS inhibition was not simply a consequence of inhibiting systemic IL-1 release. To address the role of immune cells more directly, we generated a mouse model to test the role of hypusination in the islet inflammatory response independently of the immune system. LPS is an agent that evokes the NF-κB response through activation of the TLR4 (50) , which is also expressed in pancreatic islets (51) . Whereas immune-deficient NOD/SCID/Il2rg-null mice receiving a single injection of LPS (at 20 mg/kg, a dose that is known to cause
Figure 8
Nucleocytoplasmic shuttling of eIF5A in response to cytokines. (A) INS-1 β cells were exposed to vehicle (untreated), GC7 overnight, or leptomycin B for 3 hours and then to 4-hour cytokine treatment (or not) as indicated. Cells were then fixed and stained for eIF5A and visualized by fluorescence microscopy at 488 nm. Representative images are shown. Original magnification, ×630. The cytoplasmic-to-nuclear ratios of eIF5A staining (graphs) were quantitated from cytokine-treated cells and untreated cells exposed to each inhibitor by measurement of spatial pixel intensity. (B) INS-1 cells were transfected with expression vectors encoding GFP fusions of either eIF5A or eIF5A (K50A) mutant and then visualized by fluorescence microscopy (488 nm). Representative images are shown. Original magnification, ×630. Quantitation of cytoplasmic-to-nuclear ratios is shown in the graphs. For the ratio graphs, a minimum of 10 cells from 3 different experiments were quantitated. *P < 0.05. massive inflammatory responses in immune-competent mice; ref. 21) exhibited glucose intolerance and elevated iNOS levels in islets, animals concurrently receiving LPS and GC7 exhibited normal glucose tolerance and attenuated iNOS levels in islets (see Supplemental Figure 5 ). These data suggest that inhibition of hypusination in vivo can protect islets from iNOS-mediated dysfunction independently of the immune system and further support a role for hypusination within the islet.
Discussion
In both type 1 and type 2 diabetes, a key feature of islet dysfunction is thought to emanate from inflammatory cascades triggered by cytokine signaling. The subsequent production of iNOS and the generation of nitric oxide, among other mediators, has been suggested to cause defects in insulin release (7) . In this report, we identify eIF5A Hyp as a proximal regulator of iNOS production and show that eIF5A depletion as well as the inhibition of hypusination preserves islet glucose responsiveness in the presence of cytokineinduced stress. eIF5A, previously known as eIF4D and IF-M2Ba, is a highly conserved 17-kDa protein that was originally characterized as a translation initiation factor, promoting the formation of the first peptide bond in mRNA translation in vitro (52, 53) . However, interest in its role in translation initiation has diminished over the years, as studies using yeast mutants show that eIF5A is not essential for general translation but instead probably necessary for the translational elongation of specific transcripts (54) . More recently, eIF5A has been thought to function in the translation of mRNAs that encode proteins essential for the G1-S transition of the cell cycle (55), for cytotoxic stress responses (56) , and for the propaga-tion of human immunodeficiency virus (57) . Thus, eIF5A is best positioned as a factor that controls the balance between cellular proliferation and death, depending upon the nature of cellular stress. The location of the eIF5A gene on the distal arm of mouse chromosome 11, within the type 1 diabetes susceptibility locus Idd4, and the observation that eIF5A contributes to cytokine responses, led us to speculate that eIF5A may participate in the inflammatory cascade leading to islet death. Whereas eIF5A is expressed in dendritic cells and is necessary for the nuclear-to-cytoplasmic transport of the mRNA encoding the maturation marker CD83, to date no role for eIF5A within the islet has been proposed. We show here that depletion of eIF5A (and its active hypusinated form) in islets using a previously characterized and specific siRNA (21) results in relatively preserved islet glucose responsiveness upon exposure to cytokines, as assessed by GSCa and GSIS. As observed following an approximately 50% decrease in the protein, the phenotype suggests that a nearly full complement of eIF5A Hyp is necessary for the normal stress response to cytokines. To identify the initial pathways leading to islet dysfunction, we intentionally maintained a brief incubation time (4 hours), as more prolonged incubations may lead to convergence of multiple signaling effects, resulting in eventual islet death. Whereas the gene encoding iNOS (Nos2) was upregulated in these islets, iNOS protein was strikingly suppressed in si-eIF5A-treated islets compared with controls. These results are consistent with prior reports that Nos2 transcription and translation can be independently regulated processes (58) . Our data show for what we believe is the first time that eIF5A is a factor central to Nos2 translation.
eIF5A is the only protein known to contain the unique amino acid hypusine (59) . Hypusine is formed posttranslationally in a reaction catalyzed by DHS and DOHH and involving transfer of a 4-aminobutyl moiety from spermidine to Lys50 of eIF5A (15) . The novelty of this modification in mammalian cells is reflected in the observation that only a single protein (eIF5A1/2) is detectable upon incubation of cells with 3 H-spermidine (25) . eIF5A and its hypusinated form exhibit prolonged half-lives (≥24 hours) in many mammalian cells (40, 41) ; strikingly, however, pulsechase studies revealed that eIF5A Hyp exhibits only approximately 6 hours of half-life in primary islets and islet-derived cell lines (present study). Interestingly, in some cell types, the half-life of eIF5A acutely diminishes to as little as 30 minutes in response eIF5A specifically interacts with Nos2 mRNA in INS-1 β cells. (A) Quantitative RT-PCR from INS-1 cells exposed to vehicle or GC7 overnight and then to 4-hour vehicle or cytokine treatment as indicated. Data were normalized to Actb mRNA and are expressed as fold induction relative to no treatment (n = 3). (B) RIP assay from INS-1 cells. INS-1 cells were exposed to vehicle or GC7 overnight as indicated and then to 4-hour cytokine treatment. Then, they were subjected to RIP assays using either the eIF5A antibody or an isotype-matched control antibody (FLAG-M2). The bar graph shows quantitative RT-PCR for the genes indicated (n = 3). Agarose gel electrophoresis for the genes indicated is shown. Data are expressed as percent recovery relative to input mRNA.
to stressors such as heat shock (60, 61) , suggesting that both the cell type and environmental conditions can significantly influence the stability of the protein. In our case, therefore, the islet β cell may represent a unique case study for eIF5A Hyp biology.
Upon incubation with an inhibitor to DHS (GC7), we demonstrate that both islets and INS-1 (832/13) β cells exhibit a cytokine-resistant phenotype virtually identical to knockdown of eIF5A protein by siRNA. Whereas islets exhibited a synchronized,
Figure 10
Inhibition of hypusination protects against low-dose STZ-induced hyperglycemia. GC7 or control saline was administered to male C57BL/6J mice by either daily intraperitoneal injection or subcutaneous implanted osmotic pumps. Then, mice underwent 5 consecutive injections of low-dose STZ, as detailed in Figure 1A. (A and B) IPGTTs at day 7 in mice administered saline or GC7 via (A) intraperitoneal injection (n = 6-8) or (B) osmotic pump (n = 4). Data are significantly different (*P < 0.05) between all 3 groups in A and for STZ saline only in B. (C) Blood insulin levels at 0 and 30 minutes during the GTT shown in A (n = 4). *P < 0.05. (D) β cell mass in mice from A (n = 3 mice per group). (E) Representative images of islets from fixed and stained pancreata from mice in A that were stained for iNOS (red) and counterstained with hematoxylin (blue). Original magnification, ×630. (F) Serum levels of the indicated cytokines in mice from A and from STZ-treated C57BL/6J mice that were intraperitoneally injected with IL-1Ra (see Figure 1B) . n = 3-4 animals per group. sigmoidal pattern of Ca 2+ accumulation in response to glucose, INS-1 cells demonstrated an asynchronous spiking pattern (38) that was effectively abolished upon incubation with cytokines but preserved upon coincubation with GC7. Similar to findings in si-eIF5A-treated islets, incubation with GC7 resulted in a dosedependent inhibition of iNOS protein levels in INS-1 cells and human islets. Taken together, our studies with DHS inhibition not only support the specificity of the findings using si-eIF5A in islets but also emphasize the importance of hypusination in the action of eIF5A. Hypusination appears to facilitate some protein-protein interactions and also RNA binding by eIF5A (46, 49) . With regard to the latter, we identified a potential eIF5A binding sequence within the Nos2 mRNA and demonstrated that only eIF5A Hyp physically associates with Nos2 mRNA but significantly less so or not at all with mRNAs for other NF-κB target genes.
To determine how RNA binding might facilitate Nos2 translation, we considered the possibility that eIF5A aids in the nuclear-to-cytoplasmic transport of Nos2 mRNA. Nucleocytoplasmic shuttling of eIF5A has been observed by several groups, and the suggestion has emerged that the hypusinated form may be compartmentalized differently from the unhypusinated form (48) . Some studies suggest that eIF5A interacts with the nuclear export receptor exportin1/CRM1 and is required for HIV Rev protein-mediated viral RNA export and for the export of CD83 mRNA in dendritic cells (24, 45, 62, 63) . Exportin1/CRM1 serves as a cell context-dependent transporter for certain mRNAs (64), but notably, it mediates (in part) the nucleocytoplasmic transport of Nos2 (65) . In accordance with these studies, we show here that eIF5A forms a physical complex with exportin1/CRM1 in a manner that is not hypusine dependent, and that hypusine is required for the functional export of Nos2 mRNA in conjunction with exportin1/CRM1. We recognize, however, that the nucleocytoplasmic shuttling of eIF5A has been challenged by other groups (43, 44) , and still others purport an interaction between eIF5A and exportin4 (46) . We cannot exclude the possibility that exportin4 may also play a role in the transport of Nos2, considering that leptomycin B inhibition of exportin1/CRM1 blocked only approximately 50% of Nos2 export in our hands. Nuclear-cytoplasmic shuttling may not be the only mechanism by which eIF5A Hyp controls Nos2 translation; although inhibition of hypusination blocked about 50% of Nos2 nuclear export, more than 90% of iNOS protein production was reduced. This finding implies that eIF5A Hyp is required for linking Nos2 mRNA to the translational machinery. Prior studies have shown that yeast homolog of eIF5A interacts directly with components of the translational machinery and is necessary for translational elongation (53, 66) .
The physiologic relevance of our findings is emphasized by the studies in vivo, which demonstrated that si-eIF5A-injected mice and GC7-treated mice were more resistant to STZ-induced islet dysfunction and hyperglycemia than controls. These studies in vivo closely parallel the results of Nos2-null mice, which also showed resistance to STZ and relative islet preservation (30) . Although the mechanism of low-dose STZ-induced islet dysfunction and hyperglycemia is complex, many studies point to a toxic effect of STZ on islets, which causes the influx of inflammatory cells with local release of cytokines (27, 28) . This mechanism (thought to be similar to that seen in type 1 diabetes) is supported by our findings that the hyperglycemic effect of STZ in immunocompetent mice can be mitigated by the IL-1Ra anakinra. Thus, our findings on the effect of eIF5A in STZ diabetes are similar to those observed upon knockout of other proinflammatory factors residing in the Idd4 locus, such as 12-lipoxygenase and iNOS (30, 67, 68) . Finally, the protective effect of DHS inhibition is borne out in our LPS injection studies in immunodeficient NOD/ SCID/Il2rg-null mice. These studies support a primary role for DHS and eIF5A Hyp in the inflammatory response within the islet (rather than a secondary effect upon immune cells). We recognize that even in this mouse model, immune cell function (e.g., macrophage activity) may not be completely suppressed, and other cell types (e.g., endothelial cells) may contribute to cytokine production. Therefore, the most definitive evidence for the biology of eIF5A in islets in vivo must await studies of conditional knockouts of eIF5A or DHS.
Taken together, our data identify what we believe to be a novel role for eIF5A and its hypusinating enzyme DHS in effecting the early islet response to cytokine-induced stress. We propose a model ( Figure 11 ) whereby cytokine stimulation collectively leads to rapid induction of Nos2 gene transcription via activation of the transcription factor NF-κB. This, in turn, leads to the generation of Nos2 mRNA, which is transported across the nuclear membrane in an exportin1/CRM1-eIF5A-dependent fashion. Possible ongoing binding to eIF5A in the cytoplasm may ensure translation of the transcript at the ribosome.
A key component in this model is the hypusination of eIF5A, which is necessary for the binding to Nos2 transcripts and for the translocation of the complex across the nuclear membrane. Importantly, we recognize that this model is not likely to be exhaustive, with respect
Figure 11
Model for eIF5A control of Nos2 translation. Signaling from cytokine receptors triggers the nuclear translocation of NF-κB, which activates transcription of the Nos2 gene. Nos2 transcripts are shuttled out of the nucleus in a CRM1-and eIF5A-dependent manner, then delivered to ribosomes, where translation occurs to form iNOS. Nitric oxide produced by iNOS leads to suppression of ATP generation and to the eventual inhibition of insulin release. The figure is designed to be descriptive of possible events that are occurring based on data from this and other studies, but it is not meant to be exhaustive or explicit, as many known factors involved in cytokine signaling, eIF5A action, and insulin release have been omitted for clarity. Hyp, hypusine.
to the phenotypes we observed in vivo. For example, eIF5A Hyp has recently been shown to mediate translational elongation in yeast (53) ; as such, it is possible that the proinflammatory effects of eIF5A Hyp may be related to regulation of other as yet unidentified transcripts. Nevertheless, our model may clarify prior reports in which treatment of diabetic recipient mice with the DHS inhibitor CNI-1493 led to a more rapid and complete recovery of diabetes following islet transplantation (69) . Our studies therefore suggest that targeting of hypusination may represent a novel therapeutic strategy to protect pancreatic islets from inflammation.
Methods
Animals and cells. C57BL/6J mice were purchased from The Jackson Laboratories, and NOD/SCID/Il2rg-null mice were bred at the Indiana University Simon Cancer Center. All animal studies were performed under protocols approved by the Indiana University School of Medicine Animal Care and Use Committee or the University of Virginia Animal Care and Use Committee. The cytokine-responsive rat insulinoma cell line INS-1 (832/13) was maintained as previously described (70) and transfected using Metafectene Pro (Biontex), according to manufacturer's instructions. C57BL/6J mouse islets were isolated from collagenase-digested pancreata as described previously (71, 72) and then hand picked and cultured in RPMI medium overnight prior to use. Human islets were obtained commercially (Beta-Pro).
Antibodies and vectors. Polyclonal antibody against eIF5A was from Abcam; monoclonal antibody against eIF5A was from BD Biosciences; monoclonal antibody against eIF5A2 was from Abnova; monoclonal antibody against FLAG-M2 was from Sigma-Aldrich; monoclonal anti-GFP antibody was from Abgent; monoclonal antibody against actin (clone C4) was from MP Biomedicals; and anti-iNOS polyclonal antibody was from Millipore. For immunoblots, fluorophore-labeled secondary antibodies were from Li-Cor (IRDye 800 and IRDye 700). The cDNAs encoding eIF5A1 and eIF5A2 were obtained using PCR cloning from reverse-transcribed human islet RNA and then subcloned into the cytomegalovirus promoter-driven vector pEGFP (Clontech) and verified by automated sequencing. The K50A mutation of eIF5A was generated using oligonucleotide-directed mutagenesis. siRNA studies. Stabilized siRNAs for intraperitoneal injections were custom synthesized by Dharmacon, using the siSTABLE modification. Groups of 10-week-old C57BL/6J male mice (from The Jackson Laboratories) received daily intraperitoneal injections of 1.6 mg/kg siRNA, prepared in 0.9% saline or vehicle alone (0.9% saline), for 3 days. For in vitro studies, islets from each group of injected mice were harvested on the fourth day and pooled prior to analysis. Injections with each siRNA were performed on at least 3 different occasions. siRNA sequences were as follows: siControl, 5ʹ-AAAGU-CGACCUUCAGUAAGGA-3ʹ; si-eIF5A, 5ʹ-AACGGAAUGACUUCCAGCU-GA-3ʹ. For siRNA studies in the rat β cell-derived line INS-1 (832/13), cells were transfected with a SMART Pool siRNA against rat eIF5A1 (catalog L-083855-01; Dharmacon) or nontargeting control siRNA #1 (Dharmacon), using DharmaFECT transfection reagent (Dharmacon).
Cytokine and inhibitor incubation studies. For cytokine incubation assays, a 1,000X cocktail of cytokines containing 5 μg/ml IL-1β, 10 μg/ml TNF-α, and 100 μg/ml IFN-γ (all prepared in 0.1% BSA in Tris-buffered saline) was applied at 1X final concentration to groups of 50 islets or 1 × 10 6 INS-1 (832/13) cells for a total of 4 hours at 37°C. For GC7 incubation studies, GC7 was prepared at a stock concentration of 125 mM in 10 mM acetic acid and applied to cultures of 50 islets or 1 × 10 6 INS-1 cells to obtain the final concentrations indicted in the figures. Where needed, GC7 was protected from amine oxidases in serum by addition of 1 mM aminoguanidine (Sigma-Aldrich). Cells were incubated with GC7 overnight (approximately 16 hours) at 37°C prior to analysis. Cells were exposed to leptomycin B (Cayman Chemicals) for 3 hours; leptomycin B was prepared at a 1,000X stock concentration of 20 μg/ml in ethanol.
For flow cytometry studies, INS-1 cells (serum starved or pretreated with GC7, as indicated in the figures) were stained with calcein-AM and ethidium homodimer 1 (Live/Dead Kit; Invitrogen) for 30 minutes, and 30,000 cells/sample were analyzed for green (living cells) and red (dead cells) fluorescence, using a FACS Calibur (BD Biosciences) instrument. For cell cycle analysis, 10 6 cells were washed in PBS and fixed in ice-cold 70% ethanol for 1 hour. After washing in PBS, cells were resuspended in Guava cell cycle reagent (Millipore) and incubated at room temperature for 30 minutes. Intercalation of propidium iodide into cellular DNA was quantitated using a FACS Calibur instrument, and the data was analyzed for cell cycle status using Modfit software.
Immunofluorescence. Immunofluorescence of INS-1 cells proceeded essentially as described previously (73) , using primary antibodies to eIF5A1 and secondary anti-mouse Alexa Fluor 488-conjugated antibody (Invitrogen) or by direct visualization of GFP fusion proteins at 488 nm. Cells were counterstained with DAPI to visualize nuclei and then imaged using an Axio-Observer Z1 (Zeiss) inverted fluorescent microscope, equipped with an Orca ER CCD camera (Hammamatsu). Quantitation of cytoplasic-to-nuclear ratios of eIF5A staining was performed using Axio-Vision Software, version 4.7 (Zeiss).
Immunostaining and morphometric assessment of β cell mass. Immunostaining of pancreatic sections proceeded as described previously (74) . For assessment of islet cell death in pancreatic sections, the technique of TUNEL was performed, using biotinylated 16-dUTP (Roche) and Texas Red Neutravidin (Invitrogen). Digital images were acquired using an Axio-Observer D1 (Zeiss) inverted fluorescence microscope, equipped with a high-resolution color camera. TUNELpositive/insulin-positive nuclei were counted manually by an observer blinded to sample identity, and data were recoded as the average number of TUNELpositive nuclei per islet. β cell mass was calculated as described previously (75), but with some modifications. Briefly, pancreata from 3 mice per treatment group were rapidly dissected and weighed, fixed in 4% paraformaldehyde, paraffin-embedded, and longitudinally sectioned. Three sections per pancreas (approximately 75 μm apart) were subsequently immunostained for insulin and counterstained with hematoxylin as described previously (76) , and digital images were acquired on an Axio-Observer Z1 microscope (Zeiss) fitted with an AxioCam high resolution color camera. Relative β cell area (calculated using Axio-Vision Software) was multiplied by pancreatic weight to obtain β cell mass. Data represent the average from 3 sections per pancreas, and 3 pancreata from each treatment group.
RIP assays. RIP assays from 1 × 10 7 formaldehyde cross-linked INS-1 cells were performed as described previously (77) . Isotype-matched antibodies against eIF5A and the FLAG-M2 epitope (for control immunoprecipitations) were used at a final dilution of 1:100. Immunoprecipitated RNA was reverse transcribed and subjected to quantitative PCR amplification for selected genes, as described above. All data represent the average of triplicate determinations from at least 3 independent RIP assays.
Immunoblot and nitrite and iNOS assays. Whole cell extracts were resolved by electrophoresis on a 4%-20% SDS-polyacrylamide gel, followed by immunoblot using anti-eIF5A1, anti-eIF5A2, anti-iNOS, anti-GFP, or antiactin primary antibodies and fluorophore-labeled secondary antibodies. Immunoblots were visualized using the LiCor Odyssey system (LiCor Biosciences) and quantitated by scanning fluorometry using Odyssey Imaging version 3.0 software (LiCor Biosciences). Nitrite was quantitated by measuring nitric oxide-derived nitrite from INS-1 cell culture medium using the Griess reagent (Promega) according to the manufacturer's recommendations. iNOS activity was measured using a commercially available kit (Cayman).
Subcellular fractionation studies. Nuclear and cytoplasmic fractions of 1 × 10 6 cytokine-treated INS-1 cells exposed to vehicle, leptomycin B (20 ng/ml), or GC7 (100 μM) were prepared using the method described by Dignam et al. (78) . Total RNA was isolated from nuclear and cytoplasmic fractions using the RNeasy RNA isolation kit (Qiagen).
